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Section  I _ 

INTRODUCTION 


Opucal  radiation  in  our  everyday  world  consists  of  natural  sources  such  as  the  sun,  scattered  sky 
light,  burning  objects,  etc.  Man-made  sources  include  such  things  as  filament  lights,  fluorescent 
lights,  arc  lamps,  etc.  These  incoherent  light  sources  can  produce  a  variet>  of  effects  when 
interacting  with  matter,  but  rarely  can  they  cause  macroscopic  damage  Garge  scale  irreversible 
changes  in  a  material).  Some  of  the  highest  intensity  sources  are  the  mercury  lamp,  which  is 
capable  of  intensities  around  10^  W/m^,  and  the  sun,  which  upon  direct  illumination  can  deliver 
about  ICP  W/m^.  These  intensities  can  be  further  increased  by  focusing  with  a  lens.  A  1-inch 
diameter  diffraction  limited,  f#  =  2  lens  can  amplify  a  plane  wave  source  17  million  times  at  focus. 
However,  these  sources  are  not  point  sources  but  extended  in  space  and  will  not  focus  to  Airy 
discs.  As  a  result,  the  limiting  concentration  is  given  by  (sin^e)*^  where  20  is  the  full  angle 
subtended  by  the  object.^ 

The  sun,  which  subtends  20  =  0.54°,  can  be  concentrated  about  46,000  times.  Using  nonimaging 
techniques,  the  radiation  from  an  extended  source  can  be  amplified  56,000  to  80,000  times.  For 
instance,  using  a  combination  of  lenses  and  a  cone,  or  mirrors  and  a  cone,  these  nonimaging 
techniques  can  concentrate  sunlight  to  intensities  as  high  as  ~10*  W/m^,  (or  10^  W/cm^  as  is  more 
often  reported  when  dealing  with  optical  damage  intensities).  Although  these  intensities  seem 
high,  a  typical  unfocused  pulsed  laser  can  deliver  10^  W/cm^.  This  increased  intensity  has  made 
extensive  new  investigations  into  the  interaction  of  light  with  matter  possible. 

This  report  provides  a  brief  summary  of  some  of  the  common  optical  damage  mechanisms  which 
exist  in  solids  and  that  have  been  repotted  in  the  literature.  The  type  of  damage  considered  here  is 
catastrophic  or  macroscopic  and  irreversible.  Usually  the  physical  damage  is  observed  as  a  region 
of  the  material  that  is  visually  different  from  the  surrounding  non-irradiated  material.  This  visual 
difference  may  be  due  to  material  blow-off,  cratering,  or  splatter  on  surfaces.  It  may  also  be  caused 
by  chemical  changes,  fracturing,  or  a  different  recrystallization  structure  after  heating  the  material 
beyond  the  melting  point. 

Optical  damage  can  generally  be  divided  into  two  categories:  thermal  and  field  induced.  In  highly 
absorbing  materials  for  incident  pulses  from  cw  to  -100  nanoseconds  (ns),  the  dominate 
mechanism  for  damage  is  thermal.^  In  the  temporal  regime  where  diffusion  is  not  significant,  the 
important  parameter  of  the  radiation  is  the  enetgy  density  or  fluence,  F  (J/cm^),  which  is  the 
integrated  beam  intensity  over  the  temporal  pulse  width.  In  the  temporal  regime,  where  the 
incident  pulse  width  is  much  larger  than  the  diffusion  time  of  the  material,  the  important  parameter 
is  the  peak  intensity,  I  (W/cm^).  For  highly  transmitting  materials  (as  well  as  absorbing  materials 
with  incident  temporal  pulse  widths  less  than  100  ns),  field  effects  are  the  predominate  damage 
mechanism.  In  this  case,  the  parameter  dominating  the  damage  mechanism  is  the  peak  intensity. 
Figure  1  shows  the  temporal  regions  where  thermal  and  field  induced  damage  is  most  likely  to 
occur  for  (a)  highly  transmitting  materials,  and  also  for  (b)  absorbing  materials. 

Most  absorbing  materials  damage  between  1  to  100  J/cm^,  and  most  transmitting  materials  damage 
at  intensities  from  1  to  1(X)  GW/cm^.  However,  transmitting  materials  may  have  small  absorption 
centers  and  absorbing  materials  can  form  plasmas  at  high  intensities.  As  a  result,  one  can  generally 
expect  damage  to  occur  in  any  material  if  the  intensity  goes  above  1  to  100  GW/cm^  qt  the  energy 
density  goes  above  1  to  100  J/cm^  (for  pulses  shorter  than  the  thermal  diffusion  time). 
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Figure  1.  Pulse  width  regimes  Tor  optical  damage  resulting  from 
thermal  and  field  induced  mechanisms. 

(a)  For  highly  transmitting  materials  (a^  10'^  cm~^),  field  effects  are  the  predominate  damage 
mechanism. 

(b)  F  or  absorbing  materials  (a>  10"^  cm-^),  field  effects  are  usually  dominant  for  pulse 
widths  less  than  100  nsec  and  thermal  effects  usually  dominate  for  pulse  widths  greater  than 
100  nsec.  In  the  region  where  thermal  effects  dominate,  the  damage  mechanisms  change  from 
fluence  dependent  (Jlcm^)  to  intensity  dependent  (Wlcm^),  depending  on  the  significance  of 
thermal  diffusion. 


Section  II _ 

DAMAGE  MEASUREMENTS 


Optical  damage  is  easily  induced  with  pulsed  lasers.  Early  studies  of  laser  damage  in  materials 
were  motivated  by  damage  to  laser  rods  and  components.-^  The  search  for  high  damage  threshold 
materials  was  undertaken  and  continues  today.  This  line  of  work  has  proven  necessary  for  the 
growth  and  development  of  lasers  as  a  whole.  This  effort  is  still  important  for  laser  manufacturers 
and  user  groups  requiring  large  energy  or  high  intensity  lasers  (laser  fusion,  laser  welding,  etc).  In 
fact,  optical  limiters  that  are  designed  to  protect  sensitive  optical  components  and  detectors  require 
high  damage  thresholds  in  order  to  perform  adequately.** 

In  order  to  accurately  study  optical  damage  to  materials,  it  is  extremely  important  to  have  a  well 
characterized  incident  laser  beam.  The  output  beam  parameters  of  the  lasers  used  must  be  well 
characterized.  The  temporal  and  spatial  profile,  the  intensity,  the  pulse-to-pulse  reproducibility, 
and  the  frequency  must  aU  be  known  with  a  high  degree  of  accuracy. 

Optical  damage  values  for  some  typical  materials  used  as  optical  components  are  given  in  the 
appendices  of  Laser  Damage  in  Optical  Materials,  by  R.  M.  Wood;  Adam  Hilger,  Boston,  1986. 

As  those  tables  indicate,  there  are  often  orders  of  magnitude  spread  in  the  reported  values  and  often 
wide  disagreement  among  researchers  as  to  the  value  of  the  damage  threshold.  Some  discrepancies 
can  be  attributed  to  differences  in  the  quality  of  the  irradiated  samples.  The  discrepancies  often 
arise  because  the  researchers  report  thresholds  without  considering  the  effects  of  all  the  incident 
beam  parameters  listed  above.  Because  of  the  widely  differing  measurement  techniques  used, 
different  values  of  the  damage  threshold  are  reported.  If  the  d^.age  mechanism  is  not  known,  all 
parameters  of  the  incident  beam  become  important  and  merely  measuring  the  intensity,  for 
example,  without  regard  for  the  spot  size  is  of  no  value. 

In  a  typical  measurement,  a  single  laser  beam  is  focused  on  a  material  sample.  The  focused  spot 
size  is  noted  and  the  incident  energy,  as  well  as  temporal  pulse  width,  is  recorded  so  that  both  the 
input  fluence  and  intensity  are  known.  Non-transparent  samples  are  visually  inspected  witli  a 
microscope  after  each  pulse  or  exposure  to  determine  if  damage  occurred.  The  pulse  enei^y  is  then 
incrementally  increased  and  the  onset  of  damage  is  recorded.  Damage  thresholds  obtained  for 
single  pulse  exposures  may  differ  significantly  from  thresholds  obtained  by  repeated  exposures 
incident  on  the  same  spot  of  the  sample.  In  fact,  these  two  thresholds  are  obtained  from  completely 
independent  experiments. 

Due  to  the  statistical  nature  of  damage,  it  is  useful  to  go  above  the  damage  threshold  (to  an  energy 
which  produces  damage  100%  of  the  time),  when  irradiating  different  spots  with  each  pulse.  In  the 
transition  region,  counting  the  number  of  times  damage  occurs  per  total  number  of  shots  gives  a 
probability  of  damage  at  that  energy.  Single  position  damage  measurements  must  be  done  a 
number  of  times  to  insure  that  the  particular  area  irradiated  is  typical  of  the  material  sample  being 
measured. 

When  measuring  transparent  materials,  the  radiation  focused  into  the  sample  is  recollected  and 
focused  onto  a  detector.  A  microscope  is  positioned  so  that  the  focal  volume  of  the  material  being 
irradiated  can  be  inspected  after  each  pulse.  This  visual  inspection  is  made  easier  by  using  a  low 
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power  cw-  laser  beam  that  is  co-aligned  with  the  high  power  irradiating  beam.  Any  increase  in 
scattering  of  the  cw  laser  beam  is  an  indication  that  damage  has  occurred.  In  addition,  any  change 
in  the  transmission  of  the  sample  can  be  an  indication  of  damage.  If  the  transmission  of  the  sample 
changes  (increases  or  decreases)  with  an  increase  in  the  incident  energy,  tlien  it  is  possible  that 
damage  has  occurred.  If  only  the  high  power  pulsed  beam  is  being  monitored,  the  transmission  of 
the  sample  should  be  remeasured  at  low  energy  levels.  If  it  is  not  the  sam.''  as  before  the  changes 
noted  at  high  energies,  then  some  type  of  damage  has  occurred,  but  not  necessarily  irreversible 
catastrophic  damage.  Reversible  microscopic  changes  often  occur  before  irreversible  damage.  For 
example,  the  formation  of  color  centers  is  often  observed  in  transparent  materials  before  the  onset 
of  catastrophic  damage.  Once  these  color  centers  are  formed,  they  can  encourage  catastrophic 
damage  due  to  an  increase  in  absorption  or  stress.  It  would  be  advantageous  to  use  these  reversible 
microscopic  changes  to  predict  or  determine  the  damage  thresholds  in  a  nondestructive  manner. 
There  has  been  some  work  along  these  lines®,  but  these  approaches  are  not  discussed  here. 
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Section  III _ 

IDEAL  MATERIAL 


The  ideal  solid  material  for  resistance  to  laser  damage  woyld  be  a  perfectly  f^omogeneous  isotropic 
solid,  wi'Ji  perfectly  smooth  flat  surfaces,  and  nearly  100%  transmission.  If  this  “ideal”  material 
were  surrounded  by  air  and  irradiated  w-ith  a  normally-incident  collimated  beam,  the  rear  surface 
should  have  a  lower  damage  threshold.  Tne  first  surface  reflects,  r,  of  the  incoming  electric  field 
and  is  out  of  phase  with  the  incident  field  Ej,  therefore  the  amplitude  at  the  first  surface  is, 

Ej  =  E;  (1-r).  The  standing  wave  reflection  at  the  bark  surface  is  in  phase;  therefore,  the  amplitude 
at  a  half  wavelength  from  the  back  surface  is,  E2  =  t  Ei(l+r).  The  ratio  of  the  electric  fields  is, 

E2/E1  =  2n/(n+l),  aiid  the  intensity  at  the  back  surface  is  greater  than  the  front  surface  by  this  ratio 
squared.  The  physical  mechanism  csponsible  for  damage  in  this  ideal  material  is  called  dielectric 
breakdown.  Here  the  material  is  literally  tom  apart  by  the  ac  electric  field.  Insulators  wiih  large 
bandgaps  may  damage  in  the  bulk  due  to  dielectric  breakdown.  This  damage  mechanism  results  in 
the  highest  damage  thresholds  possible.  The  intensity  for  dielectric  breakdown  (db)  is  given  by, 

Ijb  =  (eoncE(jb^)/2  where  the  electric  field  is  the  peak  ac  dielectric  breakdown  field  given  in  V/m. 

It  has  been  found  experimentally  that  the  breakdown  field  is  insensitive  to  the  frequency  from  dc 
out  to  694  nm.*  Very  large  bandgap  insulators  can  have  1^^  >  1000  GW/cm^  as  a  dielectric 
breakdown  intensity.  For  comparison,  clean  air  has  a  breakdown  intensity  on  the  order  of  1  to  1000 
GW/cm2  depending  on  the  wavelength  (I^b  a  1  A)  and  the  spot  size  (Iji,  a 

Moving  from  the  “ideal”  material  into  the  realm  of  real  materials,  a  wide  range  of  “imperfections” 
can  cause  a  marerial  to  damage  before  dielectric  breakdown.  In  addition,  the  surface  of  a  solid  is 
more  sensitive  to  damage  than  the  bulk  because  there  are  more  types  of  imperfections  possible  on 
the  surface.  Section  IV  outlines  many  possible  physical  damage  mechanisms  that  occur  in  real 
solids  and  the  imperfections  that  bring  about  optical  damage. 
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Section  IV _ 

DAMAGE  MECHANISMS 


AVALANCHE  BREAKDOWN 

Electron  avalanche  breakdown  can  occur  in  all  materials  and  lead  to  damage.  In  many  laser- 
hardened  transparent  materials,  this  is  the  mechanism  leading  to  damage;  therefore,  it  is  important 
to  investigate  this  mechanism  in  more  detail  than  the  others.  This  mechanism  is  highly  nonlinear 
and  very  sensitive  to  the  initial  spatial  and  temporal  beam  profiles.  As  a  result,  it  is  one  of  the 
more  difficult  mechanisms  to  analyze.  It  has  been  the  subject  of  considerable  debate  in  the  past 
and  continues  to  be  somewhat  controversial.  Electron  avalanche  breakdown  can  occur  in  the  bulk 
of  the  material  or  on  the  surface.  It  involves  the  generation  of  a  large  number  of  free  elecLons  over 
a  relatively  s’-iort  time.  These  electrons  form  a  hot  plasma  that  produce  permanent  changes  to  the 
lattice  on  a  macroscopic  scale.  Electrons  in  the  conduction  band  are  free  to  absorb  incident 
photons  increasing  their  kinetic  energy.  At  some  point,  an  energetic  electron  in  the  conduction 
band  undergoes  an  inelastic  collision  with  a  valence  electron  and  excites  it  across  the  bandgap 
creating  an  electron-hole  pair  in  the  process.  Since  the  electron  has  a  much  higher  mobility  than 
the  hole,  the  hole  can  be  regarded  as  stationary  and  carmot  ccntribute  to  the  generation  of  the 
plasma. 

Two  situations  give  rise  to  avalanche  breakdown.  In  the  first  situation,  there  are  no  initial  free 
electrons  in  the  focal  volume;  in  the  second  situation,  there  are  conduction  electrons  already 
present.  An  estimate  of  the  number  density  of  initial  conductic'  electrons  can  be  found  from  the 
conductivity  or  by  knowing  the  bandgap  energy  and  the  Fermi  level.  The  numoer  density  is  then 
multiplied  by  the  focal  volume  to  calculate  the  number  of  free  electrons  within  the  focal  volume. 

In  the  first  situation,  an  electron  can  get  to  the  conduction  band  when  irradiated  via  thermal 
emission  from  submicroscopic  metal  colloids  or  inclusions,  and  by  tunneling  or  multiphoton 
absorption  from  color  centers.  These  processes  are  intensity  dependent  and  time  is  required  to 
form  a  free  electron,  unlike  the  second  situation,  where  electrons  are  already  in  the  conduction 
band.  Experimentally,  thc^:  two  situations  can  be  distinguished  in  breakdown  experiments,  if  one 
observes,  as  the  incident  intensity  approaches  the  breakdown  field  strength,  a  series  of  small  locally 
separated  damage  spots  within  the  focal  volume  for  picosecond  pulses,  then  it  is  likely  there  were 
initially  no  free  electrons.*  These  damaged  regions  occur  where  the  incoming  radiation 
encountered  an  easily  liberated  or  initially  free  electron  (for  instance,  electrons  from  dopants  or 
dcfec'  si'es).  For  longer  pulse  widths  or  higher  input  intensities,  these  regions  will  overlap, 
creatmg  a  continuous  damage  area  'n  the  focal  volume.  On  the  other  hand,  for  materials  with  large 
numbers  of  free  electrons,  a  continuous  damage  area  in  the  focal  volume  is  observed  even  for  low 
input  intensities. 

Free  electrons  can  be  modeled  as  accelerating  under  the  influe'  -C  of  the  incident  radiation  field 
until  they  collide  elastically  (in  some  average  time)  with  the  lattice  (see  Figure  2).  For  large  angle 
scattering,  the  electron  effectively  remains  at  the  same  speed  after  the  collision  but  changes  its 
direction.  The  electron  then  accelerates  in  the  electric  field  direction  and  again  collides  with  the 
lattice  but  with  a  larger  velocity  than  in  the  first  collision.  The  electron  is  scattered  once  more  at 


6 


ihe  new  velocity  and  accelerates  as  the  process  is  repeated.  Eventually,  an  inelastic  collision  occur> 
and  an  optical  phonon  is  created.  The  initial  electron,  having  transferred  most  of  its  kinetic  cncrg>, 
is  left  with,  near-zero  velocity.  The  above  process  is  repeated  and  the  electron  again  undergoes 
rcf'catcd  acccl:rations  from  near-zero  velocity  until  another  phonon  is  created.  This  process  will 
not  lead  to  an  avalanche  breakdown,  but  will  result  :n  a  steady  increase  in  tlie  lattice  temperature. 
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Figure  2.  Depicts  the  situation  for  a  free  electron  when  the  optical  field  is  less  than  the 
avalanche  threshold  electric  field  (E  <  £({,)•  The  electron  accelerales  in  the  optical  field 
until  it  undergoes  an  inelastic  collision  with  the  lattice  creating  a  phonon  wh>ch  leaves  the 
free  electron  with  little  kinetic  energy.  This  process  continues;  the  electron  again 
accelerates  in  the  optical  field,  and  again  collides  with  the  lattice.  As  a  result  of  these 
collisions,  the  heated  latficc  is  shown  vibrating  about  its  equilibrium  position. 


If.  however,  the  electron  excites  an  optical  phonon  on  the  first  collision  with  the  lattice  and  has 
tipctic  cp<'''i?y  loh  over,  then  the  electron  can  continue  to  gain  energy  from  the  incice;/.  field. 
Eventually,  the  electron  will  have  enough  energy  to  ionize  the  lattice  site  and  generate  a  second 
nee  eieeiruii  anii  a  iioic  a.^  ucpieied  in  Figure  3. 
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Figure  3.  Depicts  the  situation  for  a  free  electron  when  the  optical  field  is  greater  than  the 
avalanche  threshold  electric  field  (E  >  Eti,)-  An  electron  with  initial  velocity  Vli  undergoes 
an  inelastic  collision  with  the  lattice  and  creates  a  second  fi-ee  electron  with  velocity  V2f. 
These  two  electrons  then  undergo  collisions  with  the  lattice  resulting  in  a  total  of  four 
electron.s.  This  process  continues  establishing  the  onset  of  avalanche  breakdown. 
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As  long  as  the  electrons  can  repeat  this  process  before  recombination  or  diffusion,  the  process, 

(e-  +  photons  =  2e-  +  photons  =  4e-  +  photons  = ... )  is  said  to  have  gain  and  the  generated 
electrons  will  eventually  form  a  hot  plasma  (discussed  in  Section  VI).  If  the  number  density  of 
conduction  band  electrons  double  every  tj  seconds,  then, 

=  nco2y^I  or  n^,  =  n^oexp  (co^tp) 

where  n^,  is  the  number  density  of  conduction  band  electrons,  n^^  is  the  original  number  density,  tp 
is  the  incident  pulse  width,  tj  is  time  required  to  double  the  density  (or  the  time  between 
ionizations),  and  is  0.69''Ai.  As  can  be  seen,  the  conduction  band  electrons  will  grow 
exponentially  with  time  forming  a  local  plasma.  The  above  calculation,  however,  assumes  no 
losses.  Loss  mechanisms  include  the  conduction  electron  recombining  or  becoming  trapped  with  a 
hole.  Another  loss  mechanism  is  diffusion  out  of  the  avalanche  region.  The  diffusion  distance  can 
be  calculated  from,  (x/Stj)'^  Ij^y,  where  l^^jj  is  the  mean  collision  distance,  and  T  is  the 
recombination  time.  Note  that  ^  of  these  losses  are  negligible  for  incident  pulse  widths  less  than 
10  ns. 

In  order  to  calculate  the  incident  electric  field  necessary  to  generate  gain  (threshold  field),  the  free 
electron  can  be  modeled  from  the  force  equation  as, 

md^/dt^  -  7dx/dt  =  eEexp(iOL)t) 

where  y  is  related  to  the  coUision  rate,  m  is  the  effective  electron  mass,  and  ©  is  the  frequency  of 
the  incident  radiation.  The  average  rate  of  energy  gain  from  the  RMS  field  can  be  calculated  by 
finding  the  power,  P  =  Re(F-V(j),  where  F  is  the  electric  field  force  and  is  the  drift  velocity 
calculated  from  Eq.  2.  The  total  power  gain  per  unit  volume  is;* 

Pq  =  e^E^Tj^n(,(t)/m(l+(o^Tj^^) 

where  the  average  time  between  collisions  (time  constant)  for  large-angle  scattering  is,  =  yAn©^. 
The  total  rate  of  power  loss  per  unit  volume  to  the  lattice  is, 

Pl  =  n£.(t)U(0p/TL 

where  ©p  is  the  optical  phonon  frequency,  |i(  is  Win,  and  Xl  is  the  time  constant  for  both  large-  and 
small-angle  scattering.  When  the  power  gained  from  the  incident  field  equals  the  power  loss  due  to 
the  generation  of  an  optical  phonon,  the  electric  field  is  the  threshold  field.  Any  field  larger  than 
the  threshold  field  wiU  allow  an  electron  to  gain  the  energy  necessary  to  ionize  the  lattice.  The 
threshold  field  is  obtained  from,  Pq  =  Pl  or 


Ej  =  [(mKcOp/27ce^) 


The  time  constants,  and  Tl,  are  on  the  order  of  lO'^^  to  10**^  seconds  and  correspond  to  the 
collision  frequency  of  hot  (3  -  15  eV)  electrons  with  the  lattice  ’  For  input  fields  above  threshold 
(E  >  Et),  an  electron  will  experience  energy  gain  with  time  and  reach  the  energy  (^j,  ionization 
energy)  necessary  to  promote  a  second  electron  across  the  bandgap  in  a  time  given  by, 

t,-‘  =  («(Op/5,TL)([E2.E,2l/E,2) 

Equation  [6]  is  found  by  integrating  dEnergy/dt  =  (Pq  -  PL)/n<.  to  get  Energy  q  K  =  [PG  -  Pll^I 
where  p  =  P/n^,.  When  the  number  density  of  free  electrons  reaches  a  value  typically  achieved  in 
about  20  to  40  generations,  the  material  will  melt.^®  Therefore,  the  initiation  time  is  related  to  the 
pulse  width  for  breakdown  by  a  constant,  i.e.,  tp  ~  SOtj.  From  Eq.  [6],  the  breakdown  field  is  seen 
to  depend  on  the  pulse  width  as  E^  =  (tfVC  +  llEj^,  where  C  is  some  constant,  and  tf^  ~  30tp4,  so 

Eatp-'''2. 

Damage  is  assumed  to  occur  when  the  lattice  temperature  reaches  the  melting  point  Actually,  the 
temperature  can  exceed  the  melting  temperature  and  the  solid  becomes  superheated.  It  takes  a 
certain  time  for  the  solid  to  melt  and  after  a  site  has  melted  the  volume  of  melted  region  spreads 
w  ith  velocity  vj.n  The  volume  of  melted  region  is  given  by, 

w  here  tp  is  the  pulse  width  and  tj^j  is  the  time  to  melt.  The  velocity  vj  is  given  by, 

VI  =  2a’  f{  1  -  exp  [-  (Ha(T-Tni))/NDkTTjn]}exp(-G/kT) 

where  a'  is  the  lattice  nearest  neighbor  distance,  f  is  the  Debye  frequency,  is  the  enthalpy  of 
melting  per  unit  volume,  Np  is  the  nucleation  site  density,  G  is  the  free  energy  for  atomic  diffusion, 
and  T^  is  the  melting  temperature.  For  times  less  than  the  relaxation  time,  the  time  to  melt  is 
given  approximately  by, 

tm^  -  2t/VJo 

wheie  Jq  is  the  static  nucleation  rate  per  unit  volume  given  by,  Jq  =  NDfexp[-(G+G*)/kT],  where 
G*  is  the  free  energy  to  form  a  liquid  center,  and  t  is  the  relaxation  rate.  The  relaxation  rate  can  be 
written  as, 

T  ~  (I0NDlikTrn^a'fHa2(j.t^)2jg,;p(G/,jT) 

where  p.  is  the  chemical  potential  per  unit  area  across  the  solid-liquid  interface. 

The  temperature  of  the  irradiated  lattice  can  be  calculated  from  T  =  |Pdt/Cp,  where  C  is  the 
specific  heat,  p  is  the  density,  and  P  is  the  power  gained  by  the  free  electrons  from  the  incident 
field  (Eq.  [3]).  For  an  electric  field  at  threshold,  the  temperature,  T,  is  given  as,'^ 


T  =  To  +(1/Cp)|  dt  nc(t)(e2E,\/[m(l+0)2T^2)]) 

where  Tq  is  the  initial  temperature  of  the  lattice,  and  0^.(1)  is  the  number  density  of  electrons  in  the 
f'ond'icnnn  hanrl  A  general  expression  for  n^(t)  is  obtained  by  solving  the  following  rate  equation. 

d(n(,(t))/dt  =  ri(E,t)  n^,  +  +  pE^Vrhco  -  dn^^/dtl^Q^s. 

In  Eq.  [  12],  q(E)  is  the  ionization  rate  for  the  cascade  process.*  The  second  term  on  the  right  is  the 
number  density  created  by  tunneling.  The  third  term  is  due  to  single  or  multiple-order  absorption 
where  r  designates  the  order  and  p  is  the  appropriate  absorption  coefficient.  The  loss  terms  are  due 
to  diffusion  of  carriers  out  of  the  focal  volume,  recombination,  or  trapping  of  the  free  electrons. 

The  mechanisms  which  contribute  to  the  number  of  conduction  band  electrons  are  shown 
schematically  in  Figure  4.  As  pointed  out  earlier,  the  losses  are  not  significant  in  most  materials 
for  pulses  shorter  than  approximately  10  ns.  If  there  are  free  charge  carriers  already  present  in  the 
focal  volume,  and  the  electric  field  is  at  or  above  threshold,  then  the  first  term  on  the  right  side  of 
Eq.  [12]  dominates  and, 

Re  =  nco  exp[jTi{E(t)}dt]. 

If  E  is  assumed  to  be  constant  in  time  (a  square  pulse),  then  the  integration  of  Eq.  [  1 3]  from  time 
t  =  0  to  the  breakdown  time,  tj,,  yields  the  conduction  band  electron  density,  n^  =  n^^expfritb). 
Substituting  this  electron  density  into  Eq.  [  1 1  ]  gives  the  breakdown  time, 

riCpm(T-To)  =  exp(Tit|5)-l. 

The  breakdown  field  is  proportional  to  [  l/(exp(Titjj)-l)]*^.  Notice  that  in  the  limit  where  qtjj  is 
small  compared  to  1 ,  the  relationship  of  the  breakdown  field  to  the  time  is  the  same  as  found  before 
by  calculating  the  time  to  produce  20  to  40  generations  of  conduction  band  electrons.  However,  the 
above  calculation  shows  that  damage  is  reached  much  faster.  This  is  because  the  temperature  was 
assumed  to  raise  linearly  with  the  number  of  electrons  in  the  first  model;  while  here,  the 
temperature  is  assumed  to  raise  exponentially  with  the  number  of  conduaion  band  electrons.^  The 
time  from  the  generation  of  the  second  free  electron  to  the  melting  of  the  lattice  is  very  short 
because  the  ionization  rate  r|  is  usually  large.  Linear  absorption  in  transmitting  materials  due  to 
defects  or  dopants  effectively  looks  the  same  as  the  free  electron  process  since  the  electrons  are 
liberated  at  low  intensity  levels.  If  the  focal  volume  initially  contains  no  free  electrons,  then  the 
incident  field  can  be  substantially  above  the  threshold  field  and  yet  breakdown  would  not  occur.  A 
multiphoton,  excited  state  process,  or  tunneling  process  could,  however,  generate  free  electrons. 
These  electrons  could  come  from  the  valence  band  or  from  dopant  or  defect  sites  within  the 
bandgap.  Since  these  processes  are  intensity  dependent,  it  is  expected  that,  near  threshold,  the 
initiation  of  free  electrons  would  not  begin  until  near  the  maximum  intensity  or  until  the  middle  of 
the  pulse.  As  was  stated  eaiiier,  once  the  free  electron  is  generated  and  E  >  Ej  then  the  first  term  in 
Eq.  [8]  for  the  generation  of  n^  dominates  and  breakdown  occurs.  For  two  photon  absorption, 

Eq.  [12]  yields  n^  a  E'H,  and  substituting  this  into  Eq.  [11]  yields  a  breakdown  field  proportional  to 
(tp  '/^)  if  the  ionization  rate  q  is  very  large.  Likewise,  if  the  starting  electrons  are  generated  from 
strictly  three  photon  absorption,  then  the  breakdown  field  is  proportional  to  tp  */'*. 
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Figure  4.  Mechanisms  which  contribute  to  the  number  of  conduction  band  electrons. 


AVALANCHE  BREAKDOWN  (INSULATORS) 


In  macenals  with  large  bandgaps  (i.e.,  the  probability  of  free  electrons  in  the  focal  volume  is  much 
less  uban  I ).  the  avalanche  process  is  best  described  by  a  method  proposed  by  Sparks. The 
generation  of  a  free  electron  and  the  subsequent  absorption  of  sufficient  energy  to  generate  a 
second  electron  arc  analyzed  here  in  more  detail.  Recall  that  a  free  electron  can  be  generated  either 
by  tunneling  (for  long  wavelength  radiation)  or  through  multi-photon  absorption  (for  NTR  to  U  V). 

A  detailed  E  vs.  k  graph  of  the  conduction  bands  for  the  particular  material  of  interest  is  necessary. 
The  conduction  band  electron  is  now  free  to  absorb  the  enei^  of  the  incident  photon  and  must  also 
absorb  a  lattice  phonon  to  conserve  momentum  if  a  vertical  transition  wUl  not  conserve  energy. 
Additional  phonons  are  absorbed  that  carry  the  electron  to  any  value  of  k  with  the  same  E.  From 
these  points,  the  electron  is  free  to  absorb  an  additional  photon.  This  process  continues  until  the 
electron  has  enough  energy  to  promote  a  second  valence  electron  across  the  energy  gap  and  the 
entire  process  is  repeated.  The  conduction  electrons  increase  at  a  rate  according  to  Eq.  [12]  and  the 
initiation  time  (the  time  it  takes  the  first  electron  to  promote  the  second  electron),  tj,  is  given  by 
Eq.  [6].  Free  electrons  are  energized  faster  in  this  model  because  absorption  can  occur  without  the 
generation  of  phonons.  As  noted,^  the  breakdown  field  is  not  as  frequency  dependent  from  dc  out 
to  the  visible  (red)  as  predicted  by  Eq.  [5].  However,  if  the  collision  frequency  were  higher,  then 
the  theory  might  agree  better  but  the  breakdown  field  is  not  accurately  predicted.  The  method  by 
Sparks  allows  the  electrons  to  energize  faster,  giving  a  higher  collision  frequency,  and  better 
agreement  with  the  measured  breakdown  field. 

Avalanche  breakdown  is  a  probabilistic  event  since  it  involves  the  random  collisions  of  free 
electrons  to  generate  other  free  electrons  before  recombination.  When  no  free  electrons  are 
initially  present,  avalanche  breakdown  is  still  a  probabilistic  event;  however,  it  is  now  dominated 
by  multi-photon  absorptipn  or  tunneling.  The  probability  of  forming  an  inclusion  or  defect  also 
depends  on  the  history  of  the  material.  Upon  repeated  illumination  in  the  same  spot,  the 
probability  for  damage  upon  the  m'^  shot  can  be  found  from  Bass’s  formula, 

Pm^d-PO^-'Pl 

where  Pj  is  the  probability  of  damage  on  the  first  shot  and  is  proportional  to  Pj  ~  exp(-k/E),  where 
k  is  a  material  constant  and  E  is  the  incident  electric  field.  Perhaps  more  relevant  information  is 
the  probability  for  damage  by  the  m*  shot.  This  is  obtained  by  summing  the  probabilities  given 
above  to  obtain, 

^damage  =  1  ■  (1  ■  Pi)^- 

It  should  be  pointed  out  that  avalanche  breakdown  is  not  the  only  damage  mechanism  that  is 
accumulative.  Upon  repeated  illumination,  a  number  of  changes  can  occur — thermo-chemical, 
migration  of  dislocations  or  defects,  microscopic  defects,  or  a  buildup  of  particulates  on  the 
surface — all  of  which  can  be  accumulative. 


As  a  result, the  probability  of  damage  by  the  m*  shot  rises  faster  than  that  given  by  Eq.  [16]. 
However,  many  materials  level  off  to  a  near  saturation  probability  after  repeated  shots.  The 
saturation  effect  may  be  due  to  laser  annealing  of  the  surface  and  defect  sites,  or  to  limited 
microscopic  damage  which  appears  to  become  damage  resistant  to  further  illumination. 


FREE  ELECTRON  DAMAGE  (NON-AVALANCHE) 

There  are  several  breakdown  processes  which  may  occur  that  are  not  “avalanche”  processes  since 
the  number  of  conducticn  electrons  does  not  continually  grow  until  breakdown  occurs.  Consider 
the  situation  of  an  incident  pulse  which  is  above  the  electron  avalanche  threshold  for  a  short  time 
and  then  falls  below  threshold  before  sufficient  electrons  arc  generated  to  melt  the  lattice.  The 
number  of  conduction  electrons  will  remain  nearly  constant  (until  they  begin  to  recombine,  but 
they  can  still  gain  energy  from  the  tail  end  of  the  pulse.  Sufficient  energy  may  be  gained  to  cause 
melting  and,  in  this  case,  the  breakdown  field  would  be  related  to  the  pulse  width  as  (if  the 
absorption  coefficient  depends  on  I).**  In  fact,  if  the  field  produced  by  the  incident  pulse  always 
remained  below  the  threshold  field,  breakdown  can  still  occur  when  free  electrons  are  encountered, 
provided  enough  energy  to  melt  the  lattice  can  be  absorbed.  Again,  the  breakdown  field  would  be 
proportional  to  tp  It  should  be  noted  that  these  last  two  processes  are  not  true  avalanche 
processes  since  the  number  of  conduction  electrons  does  not  continually  grow  until  breakdown. 

Van  Stryland  et  al.**  observed  that  Eb  =  A/(tp'^/'*V)  +  C  for  NaQ  and  Si02  at  1.06  |im  in  the 
40  psec  to  31  ns  pulse  width  regime,  where  A  and  C  are  empirical  material  constants  and  V  is  the 
focal  volume  proportional  to  where  tq  is  the  focal  spot  radius. 

In  the  avalanche  breakdown  models  discussed  above,  the  effects  of  rising  temperature  within  the 
irradiated  material  prior  to  melting  are  not  considered.  The  temperature  plays  an  insignificant  role 
in  the  dynamics  of  the  breakdown  process  for  w  ide  bandgap  materials  unless  the  melting  point 
temperature  is  reached. 

THERMAL  RUNAWAY 

For  narrow  bandgap  materials  (semiconductors),  the  mobility  and  the  number  of  electrons  across 
the  bandgap  can  appreciably  change  as  the  temperature  increases.  This,  in  turn,  increases  the 
absorption  and  further  increases  the  temperature.  Within  a  very  short  time,  the  material  will  melt 
and  damage  will  occur  even  though  the  threshold  electric  field  for  avalanche  breakdown  has  not 
been  reached.  To  describe  this  process,  the  absorption  coefficient  must  be  divided  into  two  parts: 
absorption  due  to  bound  charges  and  absorption  due  to  free  charges.  The  absorption  due  to  the  free 
charge  is  dependent  on  the  conductivity  which  in  turn  depends  on  the  number  density  and  the 
mobility.  Both  the  mobility  and  number  density  are  a  function  of  temperature.  The  approximate 
result  is. 


a(t)  =  cxq  +  aiexp[-C/kT(t)] 


[17] 


where  do  is  the  bound  charge  contribution  and  and  C  are  material  constants.  The  temperature 
equation  can  be  written  as. 
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dT/dt  =  a(t)lQexp(-a(t)z)/CpP 


where  C„  is  the  heat  capacity  and  p  is  the  density.  This  equation  describes  the  thermal  runaway 
process  and,  as  can  be  seen,  is  highly  nonlinear  in  temperature.  In  addition  to  the  rapid  change  in 
temperature  due  to  the  generation  of  free  carriers,  there  is  also  thermal  runaway  in  semiconductors 
whose  bandgap  decreases  with  temperature.  As  the  bandgap  decreases,,  more  charges  cross  the 
gap  and  are  able  to  linearly  absorb  incident  radiation.  This  also  increases  the  temperature  leading 
to  a  further  decrease  in  the  bandgap,  which  allows  additional  free  carriers  across  the  gap  and  so  on. 
ZnSe  and  ZnS  are  examples  of  semiconductors  having  bandgaps  that  get  smaller  as  the  temperature 
increases.  In  addition,  the  index  of  refraction  increases  with  intensity  for  these  materials  which 
leads  to  self-focusing  and  damage  to  the  bulk  (see  Nonlinear  Effects  in  Section  V). 


THERMAL  DAMAGE  (ABSORPTION) 

For  a  material  that  is  highly  absorbing  (a  =  ICh^  to  ICP  cm-')  (typical  of  most  detector  materials), 
damage  will  most  likely  be  due  to  the  localized  temperature  rising  above  the  melting  point  at  the 
surface.  Bartoli  et.  al.^  give  an  expression  for  the  energy  density  that  produces  thermal  damage  to 
detector  materials.  This  expression  assumes  that  the  incident  beams  have  a  Gaussian  spatial  profile 
for  all  pulse  widths,  o,  and  allows  for  radial  diffusion  at  the  surface  as  well  as  into  the  bulk  of  the 
material  as, 


F  =  ATpCp/a(l-R)  +  (27c)l/2ATpCpKCT/(l-R)  atan-l((8KO/a2)l/2) 


where  AT  is  the  increase  in  the  surface  temperature,  p  is  the  density,  a  is  the  beam  radius  at  the  I/e 
intensity,  o  is  a  square  temporal  pulse  width  for  the  input  intensity,  ic  is  the  thermal  diffusivity,  Cp 
is  the  specific  heat,  and  R  is  the  reflectivity.  The  damage  threshold  changes  from  being  energy- 
density  (fluetKe)  dependent  for  short  pulses  to  eventually  being  intensity  (irradiatKe)  dependent  at 
long  pulses  and  out  to  cw.  Figure  5  shows  the  measured  intensity  for  the  onset  of  damage  vs.  pulse 
width  for  three  typical  detector  materials  (taken  from  Ref.  2).  The  agreement  between  theory  and 
experiment  is  good.  The  threshold  fluence,  F  =  [J/cm^],  is  labeled  for  each  and  is  constant  for 
adiabatic  pulses  (short  compared  to  the  diffusion  time).  For  pulses  where  there  is  enough  time  for 
the  incident  energy  to  diffuse  away  during  the  pulse,  the  threshold  fluence  no  longer  remains 
constant.  When  the  pulses  are  long  compared  to  the  diffusion  time,  energy  is  removed  from  the 
irradiated  spot  through  diffusion  and,  as  shown  in  Figure  5,  the  damage  threshold  takes  on  an 
intensity  dependence.  In  the  adiabatic  regime,  the  rise  in  temperature  can  be  expressed  as, 

T  =  Tj^j  +  (a  lexp(-ad)  a  (1-R)/Cpp) 


where  Trj  is  room  temperature.  Since  Equation  [20]  neglects  diffusion,  it  is  valid  only  for 
temporal  pulse  widths  where  o  « (Cpp(a/2)2)/K.  The  departure  from  the  short  pulse  width 
adiabatic  regime  has  a  fluence  dependent  damage  threshold  which  depends  approximately  on  the 
square  root  of  the  pulse  width.^  As  the  pulse  width  is  increased  toward  the  cw  regime,  the  damage 
threshold  takes  on  an  intensity  dependence. 


I  (W/cm  ) 


a  (sec) 


Figure  5.  The  measured  intensity  for  the  onset  of  laser  damage  vs.  incident  pulse  width 
for  typical  detector  materials.  This  data  was  collected  using  10.6  pm  radiation.  The 
deviation  from  constant  fluence,  in  the  pulse  width  range  between  100  ps  and  1  ms,  is  due 
to  the  fact  that  heat  is  being  removed  from  the  irradiated  spot  through  diffusion.  This 
departure  from  the  short  pulse  width  adiabatic  regime  has  a  fluence  dependent  damage 
threshold  which  depends  approximately  on  the  square  root  of  the  pulse  width.  As  the  pulse 
width  is  increased  toward  the  cw  regime,  the  damage  threshold  takes  on  an  intensity 
dependence. 
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ENERGY  ENTERING  THE  EYE  (J) 


Figure  6  shows  the  measured  damage  thresholds  of  rhesus  monkey  eyes  for  energy  entering  a  fixed 
pupil  size  vs.  laser  pulse  width  for  visible  and  infrared  radiation. These  damage  thresholds  are 
compared  to  the  ANSI  safety  standard  (dashed  curve)  for  the  human  eye.  For  pulse  widths 
between  0.  i  jxs  and  0. 1  ins,  me  eye  is  particularly  vuliK’rable  to  damage.  In  this  pulse  width  range, 
the  damage  depends  only  on  the  energy  entering  the  eye;  that  is,  E  -  10"^  I,  or  for  a  1  centimeter 
aperture  (pupil  size),  this  translates  into  a  fluence  of  lO'^  J/cm^  at  the  eye.  The  rise  in  energy 
required  to  produce  damage  for  pulses  in  die  range  1  ns  to  0.1  ps  is  not  completely  understood  but 
we  suggest  that  it  may  be  due  to  the  formation  of  a  self-protecting  plasma. 


Ips  Ins  \/jLS  Ims  is  1000 

EXPOSURE  DURATION  (s) 


Figure  6.  Retinal  injury  thresholds  in  the  rhesus  monkey  are  plotted  as  a  function  of  the 
total  laser  energy  entering  the  eye  vs.  exposure  duration.  The  thresholds  for  both  1064  nm 
and  532  nm  are  shown.  The  dashed  curve  is  the  laser  safety  standard  (ANSI  Z-136.1). 


ACOUSTIC  DAMAGE 


Stresses  formed  at  the  surface  of  a  material  or  widiin  the  bulk  can  lead  to  damage.^®  Stresses  may 
be  induced  from  a  laser  source  by  absorption  and  rapid  heating,  ciectrostriction,  or  rapid 
evaporation.  Rapid  heating  of  a  localized  area  may,  in  and  of  itself,  not  cause  damage  u  a  medium 
but  the  sudden  expansion  of  the  heated  area  may  cause  so  much  local  stress  that  the  material 
fractures.  Intensity  dependent  pressure  gradients  caused  by  electfostriction  can  lead  to  fracture. 
Rapid  evaporation  (ablation)  at  a  surface  due  to  high  absor^^don  can  cause  a  pressure  wave  to 
propagate  into  the  material.  Thermo-iomt.  evaporation  at  a^*  inhomogenity  within  the  bulk  can 
impart  stress  within  the  material  ?s  well.  In  these  instances,  damage  is  not  caused  by  melting  or 
chemical  changes.  In  these  cases,  acoustic  waves  damage  a  localized  volume  by  producing  cracks 
or  fractures.  Stresses  induced  locally  may  damage  locally  but  it  is  also  pyossible  for  acoustic  waves 
to  travel  throughout  the  medium.  These  waves  can  travel  to  the  back  surface  where  tl.-y  may  cause 
damage  due  to  the  compression  acoustic  wave  turrung  into  a  rarificadon  Ctensile)  wave  upon 
reflection.  One  way  to  distinguish  this  mechanism  from  optical  mechanisms  is  to  let  the  radiation 
be  incident  on  the  sample  at  an  angle.  Observation  of  the  location  of  the  back  surface  damage  then 
allows  the  determination  of  whether  acoustic  or  optical  damage  occurs  since  the  two  waves  v.'ill 
travel  at  different  angles  to  the  back  surface  within  the  material.  It  is  also  possible  for  the 
superposition  of  waves  to  enhance  the  stress  on  the  matenal.  The  superposition  of  rariflcation 
waves  from  an  absorbing  volume  converging  at  the  center  of  the  absorber  can  create  high  stresses 
and  lead  to  damage.  If  a  solid  contains  a  liquid,  acoustic  waves  generated  in  the  liquid  may 
dam  i ze  the  solid/liquid  interface  especially  if  the  focus  is  in  the  liquid.  This  damage  mechanism 
car.  easily  determined  by  removal  of  the  liquid. 

Stresses  may  cause  microcracks.  In  addition,  micro-cracks  may  already  be  present  in  many 
materials  and  acoustic  waves  will  increase  the  size  of  these  cracks.  Transverse  phonons  with  shear 
stresses  could  elongate  the  crack  while  longitudinal  phonons  with  stresses  normal  to  the  crack  may 
open  it  up  more.  For  a  highly  absorbing  material,  a  plasma  may  develop  at  or  before  the  front 
surface  which  generates  a  shock  wave  that  is  imparted  to  the  material  propagating  across  the 
boundary.  The  shock  wave  may  cause  damage  at  the  front  surface  or  upon  reflection  from  a  second 
surface.  The  pressure  at  which  damage  occurs  within  the  material  is  called  the  dynamic  fracture 
stress.  It  is  usually  larger  than  the  static  fracture  stress.  Estimates  of  damage  in  glass  and  quartz 
indicate  that  the  dynamic  fracture  stress  is  about  2x10^  dyn/cm^  for  a  pulse  width  of  1  ps.  This 
value  rises  an  order  of  magnitude  for  pulses  of  about  I  ms.  For  comparison,  1  atmosphere  is  10^ 
dyn/cm^. 

The  pressure  induced  by  rapid  heating  due  to  absorption  can  be  calculated  assuming  a  square 
temporal  pulse. This  pulse  is  subdivided  into  n  parts  or  t/n  time  segments.  The  average 
temperature  at  the  surface  of  the  absorber  after  n  pulses  is, 

Cv(VTn.l)  =  F(*-R)/nPVl 


where  F  is  the  fluence  (J/cm^),  R  is  the  reflectivity,  T,^  is  the  temperature  at  n  pulses,  and  is  the 
radiation  penetration  depth  after  n-1  pulses  (l/a„.i).  Using  the  energy  equation  E„-Eo  =  Cv(T„-To) 
and  the  Mie-Gruneisen  equation  of  state,  p„-po  =  Gp(E„-Eo),  where  G  is  the  Gruneisen  ratio  and  E 
is  the  energy  density  per  unit  mass,  the  pressure  relation  is. 


[21] 
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Pn-PO  =  [GF(l-R)/n]  S^oCq 


Tne  a  s  are  temperature  dependent  and  in  general  decrease  as  the  temperature  increases  in  metals. 
For  example,  for  radiation  at  10  jim  wavelength  and  an  intensity  of  10^  W/cm^  in  a  10  ns  pulse,  the 
pressure  for  copper  is  Pf,  =  212  x  10^  dyn/cm^,  and  for  aluminum,  Pj^=  121  x  lO^dyn/cm^.  Before 
the  pressure  gets  this  high,  it  is  likely  the  intensity  will  be  reduced  by  plasma  absorption  and 
reflection.  For  nanosecond  pulses,  the  pressure  is  experimentally  found  to  increase  linearly  with 
incident  iluences  up  to  about  10  J/cm^  and  the  peak  pressure  for  most  metals  is  between  10  to  20  x 
10^  dym/cm^.  This  is  an  order  of  magnitude  smaller  than  the  predicted  values  above. 

Electrostriction  causes  stress  in  transparent  materials.  The  physical  mechanism  is  the  distortion  of 
the  lattice  due  to  the  presence  of  a  strong  electric  field.  Although  the  incident  radiation  is  an 
electric  field  oscillating  at  high  frequency,  the  lattice  secs  the  average  field  in  time.  The 
electrostrictive  pressure  is  given  by,^^ 

p  =  (pE2/2)(de/dp) 

which  is  about  0,33  atmospheres  (0.33  x  10^  dyn/cm^)  for  1=10^  W/cm^  and  pde/dp  about  1.  This 
is  small  compared  to  the  pressures  caused  by  absorption  heating  and  appears  to  be  too  small  to 
fracture  the  material.  Much  higher  electrostrictive  pressures  can  result  when  the  intensity  is 
increased  as  under  self-focusing  conditions,  for  example.  In  fact,  electrostriction  is  the  most  likely 
mechanism  for  self-focusing  of  Q-switched  ns  pulses.^ 


PHOTOCHEMICAL  DAMAGE 

Some  materials  may  change  chemically  before  melting  or  fracturing  occurs.  The  heat  or  absorbed 
photon  energy  provided  by  the  laser  can  increase  chemical  reactions  so  that  a  significant  portion  of 
the  irradiated  surface  area  changes  chemically  during  illumination.  In  addition,  photodissociation 
(breaking  of  molecular  bonds)  is  possible.  Most  single  bonds  can  be  broken  with  UV  radiation  at 
280  nm.  Most  single  and  double  bonds  can  be  broken  with  radiation  at  190  run.  A  pulsed  argon 
fluoride  excimer  laser  operates  at  193  nm  and  can  be  used  as  a  precision  scalpel,  ablating  irradiated 
tissue  while  not  affecting  surrounding  unirradiated  tissue. 


Section  V _ 

MATERIAL  DAMAGE 


Sections  V  and  VI  deal  with  the  problems  associated  with  optical  imperfections  in  highly 
transparent  or  “optical  materials”  such  as  impurities,  irreg-jlaritics,  cracks,  or  other  flaws  both  on 
the  surface  and  in  the  bulk. 


SURFACE  DAMAGE 

The  surface  is  the  most  susceptible  region  of  a  transmitting  material  to  optical  damage.  Special 
care  must  go  into  producing  surfaces  which  are  resistant  to  high  energy  laser  damage.  Any  surface 
irregularities  will  cause  an  increase  in  the  surface  charge  density  and  hence  the  local  electric  field. 
Surface  flatness  is  not  as  critical  as  the  condition  that  the  surface  be  free  of  all  sharp 
discontinuities.  Bloembergen^  has  calcul.  ted  that  the  electric  field  enhancement  due  to  a  crack  at 
the  surface  is,  where  n  is  the  index  of  refraction  of  the  medium  containing  the 

crack  and  is  the  incident  electric  field.  If  n  is  about  3.2,  the  intensity  (which  is  proportional  to 
E2)  at  the  surface  can  be  enhanced  by  a  factor  of  1(X).  S'nce  it  is  necessary  to  have  smooth  surface 
features,  polishing  must  be  done  to  high  tolerances.  Care  must  be  taken  to  prevent  polishing 
material  from  being  imbedded  into  the  surface.  As  pointed  out  carlie*’  these  particulates  may 
absorb  incoming  laser  radiation  which  results  in  localized  surface  strain  and  subsequent  damage. 
Cutting  and  machining  the  surface  can  cause  a  strain  layer  up  to  10  pm  thick.  This  thin  layer  may 
be  in  a  different  phase  than  the  bulk  and  possess  a  lower  damage  threshold.  Various  forms  of 
directed  energy^^  have  been  used  to  remove  a  thin  (up  to  10  nm)  surface  layer  after  polishing  to 
improve  the  laser  damage  threshold.  Mechano-polishing  and  etching  techniques  are  commonly 
used  to  prepare  surfaces,  but  these  techniques  will  not  improve  "  material  which  possesses  low 
angle  grain  boundaries  and/or  grains  of  soluble  material. 

Gean  surfaces  are  essential  because  contaminates  can  be  absorbing  or  have  a  low  vapor  pressure. 
Surfaces  can  be  contaminated  with  dust,  organic  debris,  or  water  amongst  other  things.  In  most 
cases,  drying,  heating,  or  washing  is  sufficient  to  remove  surface  contaminants.  Materials  with  low 
vapor  pressure  pose  a  serious  problem  because  the  air  in  front  of  the  surface  can  breakdown 
prematurely  (i.  e.,  before  clean  air)  and  this  breakdown  causes  damage  to  the  surface  at  lower 
thresholds.  Absoiption  by  a  thin  surface  contaminate  layer  often  occurs  with  far  imrared  optics. 
This  thin  layer  can  heat  up  and  cause  the  bulk  material  to  melt  or  fracture. 

For  thin  films  or  thin  materials  that  arc  well  insulated  or  free  standing,  heat  will  primarily  be 
conducted  away  laterally  from  the  center  resulting  in  a  damaged  spT  which  is  laiger  than  the  input 
beam  spot  size.  Optical  coatings  deposited  on  highly  polished  transparent  materials  can  often  be 
the  cause  of  lower  damage  thresholds.  For  example,  dielecoic  coatings  are  subject  to  defects  and 
possibly  strain  resulting  from  the  thermal  mismatch  of  layers.  Evaporation  techniques  such  as  RF 
sputtering,  plasma  deposition,  and  molecular-beam  epitaxy  (MBE)  can  be  used  to  produce  uniform, 
defect-free  coatings.  Single  crystal  MBE  films  arc  capable  of  yielding  very  high  quality  films.  In 
those  cases  where  defects  are  widely  scattered  over  the  sunace  of  a  materi’'!,  it  is  sometimes 
possible  to  achieve  a  higher  damage  threshold  by  using  a  smaller  beam  spot-size. 
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OBSERVING  SURFACE  DAMAGE 


Surface  damage  can  be  observed  directly  under  the  microscope.  Because  of  the  rapid  coo'mg  that 
usually  taK.es  place,  the  damaged  area  iias  irreversibly  changed  and  the  entropy  in  ifiis  area  has 
increased.  Single  crystals  may  freeze  into  pxrlycrystalline  forms  or  become  amorphous.^^ 
.Amorphous  materials  may  freeze  into  polycrystalline  or  single  crystal  forms.  Nor  equilibrium 
phases  can  be  frozen  in  by  rapid  cooling.  Tire  stress  of  rapid  heating  and  cooling  causes 
dislocations  to  move  radially  away  from  the  center  of  focal  area.  Chemical  changes  can  occur  on 
the  surface  so  that  even  if  the  surface  recrystallizes  into  the  surrounding  surface  morphology,  it  can 
still  be  different  chemically.  This  is  often  easily  seen  as  the  damaged  area  appears  darker  or  lighter 
than  the  surrounding  medium.^ 

The  dynamics  of  surface  damage  depend  on  the  matenal  and  can  be  monitored  by  imaging  the 
reflected  radiation.  The  rellectivity  at  normal  incidence  is, 

R().,T,t)  =  [(1  -  n2)  +  k2i/[(1  +  n"*-)  +  K^] 

where  n  is  the  real  index  of  refraction  and  K  is  the  imaginar  index  of  refraction  associated  with 
absorption.  Both  n  and  K  depend  on  the  wavelength,  X,  temperature,  T,  and  the  time,  L  Slight 
changes  in  the  reflectivity  can  be  observed  when — 

— free  charges  are  generated, 

— saturation  occurs, 

— nonlinear  effects  occur, 

— chemical  changes  occur,  and 
— the  temperature  changes. 

However,  a  large  characteristic  change  in  reflectivity  will  always  accompany  melting.  For  metals 
with  hi:;,n  conductivites,  the  melted  region  cannot  propagate  far  into  the  bulk  of  the  material. 
Vaporization,  if  it  occurs  at  all,  is  limited  for  intensities  below  10^  W.'cm^  for  10.6  itm  radiation 
and  occurs  around  the  boiling  point  temperature  so  that  the  process  is  not  explosive.  Most  of  the 
radiation  is  absorbed  within  a'*  of  the  surface  where  the  material  is  in  a  vapor  phase  surrounded  by 
a  molten  layer.  For  intensities  between  10®  and  10^  W/cm^  at  10.6  lun  radiation,  the  surface  of  a 
metal  wiU  boil  and  may  result  in  molten  droplets  being  ejeaed.  The  explosive  ejection  of  material, 
which  leaves  craters  on  the  surface,  occurs  whe  .  KOcX/lCp  is  small,  where  k  is  the  thermal 
conductivity.^* 

In  addition  to  the  above  phenomena,  a  periodic  ripple  pattern  often  accompanies  surface  damage.^"^ 
It  is  usually  observed  when  the  intensity  is  near  the  threshold  for  damage.  The  ripple  grating 
direction,  for  normally  incident  radiation,  is  in  the  direction  of  the  dominant  electric  field 
polarization.  The  ripple  period  is  equal  to  the  incident  wavelength.  For  p-polarization,  incident  off 
normal,  the  ripple  period  varies  as,  V(1  +  sin9)  where  tp  is  the  deviation  from  the  normal  to  the 
surface.  Ripples  arc  observed  for  both  p-  and  s-polarized  light,  but  at  lower  intensities  for  the  p- 
polarization.  Ripple  damage  is  strongly  inhibited  for  circularly  polarized  light;  however,  at  very 
high  intensities,  circularly  polarized  light  will  produce  a  ripple  pattern  which  has  randomly 
oriented  gratings.  The  origin  of  ripple  patterns  is  closely  related  to  Wood’s  anomaly.  It  is  believed 
tl.at  a  series  of  scattered  waves  from  surface  anomalies  interfere  with  the  incident  beam.  Since 


some  of  ihe  scattered  wave  ruiming  along  the  surface  actually  penetrates  the  surface,  energy  can  be 
coupled  out  of  the  incident  beam,  across  the  surface,  and  into  the  bulk.  The  grating  that  allows  this 
surface  scattered  wave  will  be  reinforced  as  the  periodically  varying  energy  flux  changes  the 
surface  through  som.e  damage  mechanism. 


BULK  DA.MAGE 

Inclusions  within  the  bulk  can  be  the  source  of  nucleation  centers  for  optical  damage.  These 
localized  inhomogeneities  may  be  voids  in  the  lattice,  metal  or  metal-oxide  particles,  misoriented 
cry  stallites,  or  dielectric-imbedded  particles.  In  some  cases,  these  inclusions  may  be  formed  from 
the  incident  radiation.  Charge  carriers  and  a  variety  of  atomic  defects  can  be  produced  with 
vary  ing  degrees  of  mobility.  These  products  may  recombine,  combine  to  form  new  defects  or 
charged  states,  or  become  associated  with  impurities,  dislocations,  and  other  defects.  Absorption 
by  the  inclusion  can  create  a  stress  fracture.  Extreme  local  heating  and  the  accompanying 
mismatch  of  thermal  expansion  between  the  inclusion  and  the  surrounding  material  causes 
irreversible  strain.  Damage  may  also  occur  when  the  material  surrounding  the  inclusion  melts.  It 
can  be  determined  if  the  damage  was  caused  by  inclusions  if,  when  viewed  through  a  microscope, 
the  damaged  spot  is  observed  to  be  located  outside  the  focal  volume.  Damage  caused  by  stress 
depends  on  the  inclusion  size.  For  visible  and  near  infrared  radiation,  the  intensity  to  produce 
damage  is  inversely  proportional  to  the  inclusion  size  for  small  inclusions  (0. i,  ^un).  For 
intermediate  size  inclusions  (1  |im),  absorption  occurs  only  within  the  inclusion  and  the  expansion 
of  the  inclusion  causes  damage.  In  this  case,  the  energy  density  to  cause  damage  is  proportional  to 
the  inclusion  size.  For  large  inclusions  (>9  pjn),  only  the  surface  of  the  inclusion  expands.  The 
energy  density  required  to  produce  a  stress  fracture  is  proportional  to  the  square  root  of  the  pulse 
width.  Thermal  damage  caused  by  inclusions  can  be  found  from  the  following  formula,^* 

Fj  =  47iVK|,ti/Q(l-(iuDhti)l/2)  [25] 


where  i\  is  the  pulse  width,  a  is  the  inclusion  size,  F^  is  the  energy  density  at  which  damage  occurs, 
is  the  thermal  conductivity  of  the  host,  Dj,  is  the  thermal  diffusivity  of  the  host,  T^.  is  the  critical 
temperature,  and  Q  is  the  absorption  cross  section.  Often,  the  damage  associated  with  the  inclusion 
extends  beyond  the  inclusion  diameter. 

As  pointed  out  in  Section  IV,  any  free  elections  within  the  bulk  can  lead  to  damage  by  way  of 
avalanche  breakdown,  thermal  breakdown,  or  thermal  runaway.  Free  electrons  are  rare  in  good 
insulators;  however,  the  probability  of  encountering  free  electrons  increases  as  the  spot  size  within 
the  bulk  is  enlarged.  Impurities  or  defects  (as  shallow  traps)  within  insulators  also  may  yield  free 
electrons  more  readily.  Even  a  good  optical  quality  crystal  can  have  numerous  such  sites  for  free 
electron  generation.  For  example,  F-center  concentrations  as  large  as  10'^  are  difficult  to  detect  by 
conventional  absorption  spectroscopy  in  alkali-halide  samples.^  Thermal-ionic  emission  from 
microscopic  inclusions  is  another  possiUe  source  of  free  electrons.  If  free  electrons  are  not  initially 
present  in  the  irradiated  volume,  they  can  get  to  the  conduction  band  by  tunnelling  or  by  multi¬ 
photon  absorption.  This  can  also  happen  at  susceptible  sites  as  described  above.  These  effects  can 
be  sorted  out  since  they  require  high  intensity  and  the  initiation  of  damage  is  likely  to  occur  near 
the  peak  of  the  incident  pulse.  In  addition,  damage  is  likely  to  occur  within  the  focal  volume  or  the 
most  intense  portion  of  the  beam. 
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Organic  materials  have  been  reported  with  very  large  damage  thresholds.  Garito  reports^^  that 
di.'jcetylene  polymer  crystals  have  a  damage  threshold  of  J  GW/cm^  ("25  ns)  and  FI  vt7anis^ 
reported  PTS  polydiacetylene  to  have  a  threshold  of  10  GW/cm^  (picosecond  pulses).  The  exact 
damage  mechanism  (or  sequence  of  events  leading  to  damage)  is  inconclusive  for  For 

example,  single-shot  damage  is  either  caused  by  inclusions  or  by  microstructure  defects,  and 
multiple-shot  damage  is  related  to  the  viscoelastic  properties  of  the  material.^2  Typically,  polymer 
materials  sustain  multiple-shot  damage  in  the  bulk  due  to  carbonizing  (soot  products  formed  from 
polymer  breakdown)  in  areas  of  microdamage  (<10  pm).  Exactly  in  the  pulse  sequence  when  the 
carbonization  takes  place  is  the  subject  of  debate.^^’^^  However,  once  these  spots  develop,  they 
absorb  more  radiation  and  grow  until  melting  or  cracking  occurs. 


NONLINEAR  EFFECTS 

In  transparent  materials,  optical  nonlinearities  play  an  important  role  in  the  creation,  dynamics,  and 
understanding  of  optical  damage.  Self-focusing  is  possible  in  any  material  with  a  positive 
nonlinear  index  of  refraction  (02  >  0).  The  nonlinear  index  is  defined  as,  An  =  n2  IEI^/2.  When  the 
incident  power  reaches  some  critical  level,  the  beam  collapses  on  itself  resulting  in  a  dramatic 
increase  in  the  local  intensity.  If  the  material  is  “optically  thick”  (i.e.,  the  thickness  is  greater  than 
the  Rayleigh  range,  zq  =  rcro^nA,  where  ro  is  the  beam  radius),  then  beam  collapse  can  occur  within 
the  material  and  the  high  intensities  generated  by  the  decreasing  spot  size  will  cause  the  generation 
of  free  carriers  and  a  plasma.  The  second  critical  power  (P^  =  3.77  ceoX2/8rtn2  in  mks  units  and  n2 
is  in  esu  units)  gives  the  correct  threshold  power  for  Gaussian  beams.^®  The  effects  of  self- 
focusing  on  laser-induced  breakdown  were  studied  in  fused  quartz  and  NaO  by  Williams  et.  al.^ 
They  determined  for  both  materials  that  self-focusing  dominates  the  damage  breakdown  process 
when  the  power  approached  the  second  critical  power,  The  most  likely  mechanism  for  the 
nonlinear  index  in  these  materials  for  ns  excitation  is  electrostriction. 

Irradiating  a  material  at  an  incident  power  greater  than  critical  power  for  self-focusing  does  not 
always  guarantee  that  self-focusing  will  occur.  For  example,  the  generation  of  free  carriers  reduces 
the  index  of  refraction  with  intensity.^^  Generally,  the  free  carrier  contribution  or  Drude 
contribution  to  the  index  of  refraction  is  negative  and  serves  to  defocus  the  beam.  In  other  words, 
if  the  Drude  contribution  to  n2  becomes  dominant,  then  the  extremely  high  intensities  associated 
with  self-focusing  may  not  occur.  However,  it  can  be  argued  that,  in  most  cases,  the  self- 
defocusing  caused  by  the  generation  of  free  carriers  occurs  after  the  plasma  temperature  is  above 
the  melting  temperature. 

Another  nonlinear  optical  phenomena  often  associated  with  damage  is  stimulated  BriUioun 
scattering  (SBS>**  which  is  due  to  the  scattering  of  radiation  from  self-generated  pressure  waves. 
SBS  occurs  above  some  critical  threshold  intensity  and  the  acoustic  pressure  waves  created  by  the 
incident  pump  light  may  become  intense  enough  to  cause  damage  within  the  material. 


Section  VI 

PLASMAS 


Plasmas  are  often  created  on  the  surface  or  in  the  bulk  of  a  solid  by  optical  radiation^^  and  are 
typically  characterized  by  a  plasma  frequency.  For  plasmas  in  solids,  the  dielectric  constant  can  be 
written  as,'^ 

e(co)/eo  =  1  -  fOp^/co^  +  e^j/eQ 


where  0)p  is  the  plasma  frequency  given  by,  co^piasma  ”  Hc  the  free  electron  density, 

and  Ep  is  the  background  lattice  dielectric  constant  which  is  a  function  of  n^,. 

When  to  =  (Op,  e((Op)  =  0,  and  since  D  =  eE  =  EqE  +  P.  then  EqE  =  -P.  This  shows  that  the  electron 
gas  field  tries  to  cancel  out  the  incident  field  creating  a  longitudinal  oscillation.  If  the  irradiating 
beam  is  generating  free  electrons,  the  electron  number  increases  and  the  plasma  frequency  can 
become  greater  than  the  incident  frequency.  Since  e/Eo  =  n^,  and  e  becomes  negative  when 
(0p^/(0^  =  n{j2,  the  index  of  refraction  becomes  purely  imaginary,  n  =  iK,  and  the  electron  gas  can  no 
longer  support  a  propagating  wave,  i.e.,  exp(ikonz)  -*  expf-kpKz).  Instead,  the  radiation  is  reflected 
and  the  plasma  density  is  maintained  at  cOp  =  ni,(a  in  the  steady  state. 

As  discussed  earlier  in  Section  IV,  a  plasma  is  formed  when  free  electrons  are  accelerated  under  the 
influence  of  a  radiation  field  and  participate  in  inelastic  ionizing  collisions  with  the  lattice.  As  the 
number  density  of  ions  increases,  the  absorption  is  increased  due  to  the  extra  free  ion  absorption. 
When  the  absorption  coefficient  gets  to  be  on  the  order  of  the  confocal  beam  length,  rapid  heating 
occurs  in  the  focal  region.  The  material  locally  melts,  forms  a  plasma  and,  as  time  goes  on, 
becomes  almost  completely  ionized.  The  temperature  within  the  plasma  is  fairly  uniform  as  the 
electron  diffusion  length  is  on  the  order  of  the  plasma  size.  Some  energy  is  lost  in  blackbody 
radiation  but  the  amount  lost  is  small  compared  to  the  incident  energy.  Energy  that  goes  into 
producing  the  plasma  and  energy  which  interacts  with  the  plasma  serves  to  reduce  the  incoming 
radiation  (usually  from  the  peak  intensity  and  after).  This  limits  the  production  of  free  electrons 
and  the  transmission  through  the  material.  Of  course,  if  the  plasma  frequency  is  reached,  this 
dramatically  limits  the  transmitted  radiation  and  freezes  the  production  of  electrons. 

The  high  temperature  associated  with  the  production  of  free  electrons  in  the  avalanche  process 
creates  a  high  pressure  within  the  focal  region  and  the  plasma  rapidly  expands.  Thermal  energy 
goes  into  the  kinetic  energy  of  radial  expansion.  The  radial  expansion  may  be  accompanied  by  a 
decrease  in  ion  density  which  depends  on  the  degree  of  ionization  with  temperature  and  time.  Any 
decrease  in  the  plasma  density  reduces  the  absorption  and  concomitantly  reduces  the  temperature. 
Transmission  is  again  restored  and  the  plasma  will  lose  energy  predominantly  through 
bremsstrahlung.  The  plasma  can  be  formed  on  the  picosecond  time  scale  (>  6  psec)  once  a  free 
electron  is  generated.***  However,  for  picosecond  pulses,  the  plasma  density  is  significantly 
reduced  and  the  material  will  begin  to  transmit  again  before  the  pulse  is  over.  This  is  not  the  case 
for  nanosecond  and  longer  pulses  where  the  longer  term  high  plasma  density  effectively  limits  the 
transmission  of  the  input  beam.  Figure  7  shows  the  temporal  evolution  of  the  transmitted  intensity 
for  the  two  time  regimes. 
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Figure  7.  The  temporal  evolution  of  the  transmitted  intensity  for  plasmas  formed  by 
(a)  picosecond  pulses  and  by  (b)  nanosecond  pulses. 


As  mentioned  earlier,  the  breakdown  threshold  for  air  can  be  lower  than  some  materials.  This  may 
serve  to  protect  the  material  from  damage  in  some  cases.  If  the  plasma  is  in  air  near  a  surface, 
blowoff  material  from  the  surface  will  create  free  charges,  vapor,  and  aerosols  that  break  the  air 
down  at  even  lower  intensities  thus  providing  some  protection  to  the  surface  from  the  remaining 
radiation.'*^  However,  for  repeated  irradiation,  chaises  build  up  on  the  surface  and  damage  occurs. 
Surface  melting  may  occur  when  the  heat  generated  by  a  nearby  plasma  conducts  onto  the  surface. 
A  lowering  of  the  damage  threshold  can  occur  when  short  wavelength  radiation  generated  by  the 
air  plasma  is  strongly  absorbed  by  the  surface.  This  effect  is  known  as  enhanced  coupling  and  has 
been  observed  for  pulsed  as  well  as  cw  radiation. 

Once  a  plasma  is  generated,  it  fills  the  focal  volume  of  the  laser  beam  and  may  even  extend  beyond 
it.  The  plasma  wiU  propagate  back  toward  the  source  because  the  intensity  of  the  beam  will  be 
higher  in  that  direction  than  in  the  forward  direction.  The  temperature  of  the  plasma  can  be  very 
high  (tens  of  thousands  of  degrees  Kelvin).  The  shock  wave  associated  with  a  rapidly  expanding 
plasma  can  produce  damage  to  the  surrounding  medium.  This  shock  wave  is,  in  fact,  easily 
detected  with  a  transducer  and  can  give  a  better  indication  of  breakdown  than  the  visible  flash  of 
the  plasma.** 
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Section  VII _ 

HOW  TO  AVOID  DAMAGE 


Accurate  damage  measurements  are  extremely  important  because  damage  thresholds  for  specific 
optical  components  often  set  the  upper  bound  for  the  radiation  levels  that  many  sophisticated 
optical  systems  (both  imaging  and  non-imaging)  can  withstand.  Implementing  ways  to  raise  the 
damage  threshold  of  these  systems  requires  an  understanding  of  the  damage  mechanisms.  We  have 
revieweu  these  mechanisms  in  the  preceding  sections. 

We  now  propose  a  brief  summary  of  methods  or  techniques  to  increase  the  damage  threshold  of 
materials  by  simply  avoiding  conditions  which  make  the  possibility  of  damage  more  likely  to 
occur.  All  optical  components  exposed  to  high  radiation  levels  must  have  well  cleaned  surfaces. 
The  surfaces  should  be  smooth  and  crack-free.  No  polishing  material  should  be  imbedded  within 
the  surface  and  there  shou'd  be  no  strain  on  the  surface  layer.  The  material  should  be  defect-  and 
inclusion-free  with  a  minimum  of  grain  boundaries.  The  lattice  of  any  crystalline  components 
should  be  as  closely  packed  as  possible  to  discourage  impurities.  By  rapidly  cooling  some 
materials,  it  was  possible  to  inhibit  precipitation  of  clusters  of  impurities  which  act  to  lower  the 
damage  threshold.^  If  possible  and  the  system  or  application  permits,  the  incident  radiation  should 
be  circularly  polarized.  The  material  of  choice  should  have  the  widest  bandgap  and  the  highest 
melting  point  temperature  of  the  materials  available.  The  change  in  index  of  refraction  of  all 
surface  coatings  should  be  minimized.  All  optical  coatings  should  have  the  same  thermal 
expansion  coefficients  as  the  bulk  material.  The  focal  volume  should  be  made  small  to  minimize 
the  possibility  of  encountering  a  free  electron  in  insulators.  If  possible,  irradiation  should  not  occur 
repeatedly  in  one  spot.  AU  components  should  be  able  to  efficiently  conduct  heat  away.  For 
instance,  diamond-coated  optics  have  a  higher  damage  threshold  because  of  the  large  thermal 
conductivity  of  diamond.  The  material  should  be  as  thick  as  possible  when  focusing  within  the 
bulk  of  the  material.  In  addition  to  all  of  the  above,  the  material  should  have  a  negative  nonlinear 
index  of  refraction  to  discourage  self-focusing,  unless  the  material  is  thinner  than  the  Rayleigh 
range.  It  is  not  possible  to  follow  all  of  these  suggestions  simultaneously  as  many  involve  trade¬ 
offs  in  performance,  cost,  complexity,  and  implementation  issues.  However,  higher  damage 
thresholds  can  certainly  be  achieved  if  these  trade-offs  are  made  wisely. 
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Section  VTTT 
SUMMARY 


In  summary,  we  have  reviewed  optical  damage  mechanisms  and  have  discussed  ways  to  isolate  and 
determine  the  thresholds  for  damage.  We  have  indicated  that  optical  damage  can  arise  from  many 
possible  physical  mechanisms  and  that  each  has  a  characteristic  behavior  which  can  be  used  to 
identify  it.  The  required  optical  measurements  to  accomplish  this  task  need  to  be  performed  with 
care  and,  in  all  cases,  the  incident  beam  must  be  well  characterized. 

The  properties  of  an  “ideal”  material  are  contrasted  with  those  of  a  real  material  and  the  damage 
mechanisms  associated  with  real  materials  are  reviewed.  Included  in  the  review  are: 

•  avalanche  breakdown, 

•  avalanche  breakdown  in  insulators, 

•  thermal  breakdown, 

•  thermal  runaway, 

•  thermal  damage  due  to  absorption,  and 

•  acoustic  damage. 

Issues  associated  with  obtaining  good  transparent  optical  materials  are  addressed  with  emphasis 
placed  on  reducing  surface  and  bulk  damage.  The  effects  of  nonlinear  interactions  and  the  role  of 
plasma  formation  in  the  damage  process  are  reviewed.  Finally,  a  few  possibilities  for  reducing  the 
probability  of  optical  damage  are  suggested. 
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